Maintaining zinc homeostasis is an important property of all organisms. In the yeast Saccharomyces cerevisiae, the Zap1 transcriptional activator is a central player in this process. In response to zinc deficiency, Zap1 activates transcription of many genes and consequently increases accumulation of their encoded proteins. In this report, we describe a new mechanism of Zap1-mediated regulation whereby increased transcription of certain target genes results in reduced protein expression. Transcription of the Zap1-responsive genes RTC4 and RAD27 increases markedly in zinc-deficient cells but, surprisingly, their protein levels decrease. We examined the underlying mechanism further for RTC4 and found that this unusual regulation results from altered transcription start site selection. In zincreplete cells, RTC4 transcription begins near the protein-coding region and the resulting short transcript leader allows for efficient translation. In zincdeficient cells, RTC4 RNA with longer transcript leaders are expressed that are not efficiently translated due to the presence of multiple small open reading frames upstream of the coding region. This regulation requires a potential Zap1 binding site located farther upstream of the promoter. Thus, we present evidence for a new mechanism of Zap1-mediated gene regulation and another way that this activator protein can repress protein expression.
Introduction
Zinc is an essential nutrient for all organisms because it plays critical roles as a catalytic and structural cofactor for many proteins. It has been estimated that almost 10% of proteins encoded by eukaryotic genomes use zinc as a cofactor and 4% of proteins in prokaryotes need zinc for function (Andreini et al., 2006) . Given the importance of zinc to cellular and organismal metabolism and physiology, organisms have evolved with specific response mechanisms to deal with the stress of zinc deficiency. In S. cerevisiae, the Zap1 transcription factor mediates an extensive transcriptional response to zinc deficiency (Eide, 2009) . Zap1 is an activator protein that increases expression of 80 target genes in the yeast genome (Lyons et al., 2000; Wu et al., 2008) . This protein has a DNA binding domain at its C-terminus and two independent activation domains designated AD1 and AD2. When zinc levels are low, Zap1 binds to zincresponsive elements (ZREs) present in one or more copies in the promoters of its target genes. The consensus ZRE sequence is 5 0 -ACCTTNAAGGT-3 0 . Once bound, Zap1 recruits several coactivators (SAGA, SWI/ SNF, Mediator) to activate transcription (Frey and Eide, 2012) . When zinc is abundant, the metal inhibits Zap1 function by binding directly to AD1 and AD2 to likely fold these domains into conformations that can no longer recruit coactivators (Bird et al., 2003; Herbig et al., 2005) . In addition, zinc independently inhibits Zap1's DNA binding domain, thereby further restricting its ability to increase gene expression .
For many of its target genes, Zap1 increases mRNA levels and consequently, protein accumulation. This is true for several target genes involved in maintaining zinc homeostasis such as ZAP1 itself and the genes encoding the zinc transporters ZRT1, ZRC1, ZRG17 and FET4 (Zhao et al., 1998; Waters and Eide, 2002; MacDiarmid et al., 2003; Wu et al., 2011) . It is also the case for genes involved in adaptation to zinc-deficient conditions including TSA1 and EKI1 ( Kersting and Carman, 2006; Wu et al., 2007) . For other of its target genes, the transcription activating capability of Zap1 has been harnessed to inhibit gene expression. For example, Zap1 increases transcription of the MET30 gene, which encodes a component of the E3 ubiquitin ligase SCF MET30 (Wu et al., 2009) . The resulting increased level of this ubiquitin ligase then directs ubiquitination of the Met4 transcription factor and decreases expression of the Met4 target genes such as MET3, MET14 and MET16. Another example of Zap1-mediated repression is ZRT2. The ZRT2 gene is activated under conditions of mild zinc deficiency by Zap1 binding to and activating gene expression from high affinity ZREs located in the promoter upstream of the TATA box (Bird et al., 2004) . Under severe zinc deficiency, Zap1 levels increase and the protein then binds to a lower affinity ZRE located near the start site of transcription. The presence of this lower affinity Zap1-DNA complex inhibits gene expression during extreme zinc limitation. A third example is the ADH1 gene. In zinc-replete cells, ADH1 is transcribed through the action of the Gcr1 and Rap1 transcription factors binding in the proximal promoter. Under zinc-deficient conditions, Zap1 binds to an upstream promoter and activates transcription of a noncoding RNA through the proximal ADH1 promoter that prevents its use (Bird et al., 2006a) . Zap1 represses the ADH3 gene through a similar mechanism. These many examples highlight the versatility of Zap1 in both activating and repressing its target genes.
In this report, we present evidence for yet another mechanism whereby Zap1 negatively regulates some of its target genes in response to zinc status. We show that the RTC4 gene is transcribed from a proximal promoter in zinc-replete cells and that this short mRNA transcript is actively translated. In zinc-deficient cells, an upstream promoter is activated and this produces transcripts with longer 5 0 transcript leaders (TL) that contain multiple upstream open reading frames (uORFs). For many genes, uORFs have been found to inhibit translation (Zhang and Dietrich, 2005; Hood et al., 2009; Waern and Snyder, 2013) and we verified that the RTC4 uORFs inhibit its translation. Thus, we have identified another mechanism whereby Zap1's ability to increase transcription is used to repress protein accumulation. Our finding highlights the importance of altered transcription start sites in the control of gene expression by Zap1 as well as other transcription factors.
Results
The RTC4 and RAD27 genes were previously identified as targets of Zap1 transcriptional activation (Lyons et al., 2000; Wu et al., 2008) . Microarray analyses indicated that the mRNA levels of both genes increase in zinc-deficient cells and this induction is dependent on the presence of Zap1. Moreover, both were increased in expression in zinc-replete cells by a constitutive allele of Zap1 that is active regardless of zinc status and both of their promoters contain potential ZREs upstream of their protein-coding DNA sequences (CDS). Unlike most Zap1 target genes (Lyons et al., 2000; Wu et al., 2008) , their potential Zap1 binding sites are located relatively far from the CDS. The RTC4 ZRE is located 430 bp upstream while the RAD27 ZRE is almost 1000 bp upstream. This unusual feature prompted us to further examine the regulation of these genes. The increase in mRNA observed in the previous microarray studies was confirmed by quantitative RT-PCR using gene-specific primer pairs within each CDS (Fig. 1A) . RTC4 mRNA increased 10-fold while RAD27 mRNA was induced almost fourfold in zinc-deficient cells. ZRT1 was included as a positive control for Zap1-mediated induction and this gene was induced > 100-fold. When assayed for protein production using chromosomal C-terminal GFP-tagged alleles and immunoblotting, we were surprised to find that Rtc4-GFP and Rad27-GFP protein levels decreased markedly in zincdeficient cells despite the large increases in mRNA Fig. 1 . Opposite regulation of mRNA and protein accumulation from the RTC4 and RAD27 genes in response to zinc. Wild-type (BY4741, panels A and B), and isogenic RTC4::GFP and RAD27::GFP strains (panel B) were grown in zinc-replete (R, LZM 1 1000 lM ZnCl 2 ) and zinc-deficient (D, LZM 1 1 lM ZnCl 2 ) media prior to analysis by (A) quantitative RT-PCR and (B) immunoblotting with anti-GFP and anti-Pgk1 antibodies. ZRT1 was included in panel A to confirm zinc-responsive regulation of a previously identified Zap1-regulated gene. The data from three biological replicates were averaged and error bars denote 6 1 S.D. Pgk1 was included in panel B as a loading control. The locations of molecular mass markers (kDa) are indicated on the left side of each blot. (Fig. 1B) . RAD27 encodes a 5 0 -to-3 0 exonuclease involved in DNA replication and repair (Reagan et al., 1995) . RTC4 is a gene of unknown function that has been implicated in telomere capping (Addinall et al., 2008) . We recently reported the genome-wide mapping of transcription start sites (TSS) in zinc-deficient and replete cells (Wu et al., 2016) . To explore the mechanism of RTC4 and RAD27 regulation, we examined those data and found a major effect of zinc status on TSS selection ( Fig. 2A) . For CMD1, used here as a control gene, zinc status had little effect on TSS selection. In contrast, TSS mapping indicated that the mRNA produced from both RTC4 and RAD27 have alternative 5 0 mRNA ends. In zinc-replete cells, both genes produce mRNA with short transcript leaders (TL). For RTC4, these short TLs ranged from 1 to 76 nt in length while they were 1-65 nt in length for RAD27. In zinc-deficient cells, both genes produced mRNA with longer TLs and very few short TL mRNA were detected. The most abundant TSS mapped for RTC4 in zinc-deficient cells produced an mRNA with a 250 nt TL and the most abundant RAD27 TSS generated a TL that was 181 nt in length. For both genes, the longer TLs produced in zinc-deficient cells contain multiple upstream open reading frames (uORFs) (4 for RTC4 and 3 for RAD27) that would likely block translation from the initiation codons of their respective CDSs (Fig. 2B) . These results suggested that Zap1 mediates repression of Rtc4 and Rad27 protein production by inducing transcription of poorly translated mRNA with long TLs and decreasing expression of productive transcripts with shorter TLs.
To test this hypothesis, we analyzed RTC4 mRNA using Northern blotting. With a strand-specific probe fragment containing most of the RTC4 CDS (Probe 3, Fig. 3A ), we did not initially observe any mRNA specific to RTC4 in samples from zinc-replete cells (Fig. 3B ). When contrast stretching was performed on the image to highlight lower abundance mRNA (see Experimental procedures), RTC4-specific mRNA of 1.6 kb and 2.5 kb were revealed (Fig. 3B, lower panel) . Based on the transcription start site mapping and additional experiments, we designated these 'short leader transcripts' 1 and 2 (SLT1 and SLT2) respectively. These transcripts were not detected in mRNA from an rtc4D deletion mutant supporting their identity as RTC4 transcripts. Growth of cells in zinc-deficient conditions resulted in the accumulation of an 2.8 kb transcript that was designated LLT for 'long leader transcript'. LLT was also not detected in the rtc4D strain. Consistent with quantitative RT-PCR and TSS mapping results, RTC4 LLT was considerably more abundant than RTC4 SLT1 and SLT2.
To map the endpoints of the various RTC4 mRNA, we performed additional Northern blots using strandspecific probes distributed across the RTC4 genomic region (Fig. 3A) . Probe 1, located upstream of the RTC4 TSS positions and spanning bases 2652 to 2361 detected no RTC4-specific mRNA with or without contrast stretching ( Fig. 3B and data not shown). Probe 2 was located between the major TSS mapped in zincdeficient cells and the zinc-replete start sites (-261 to 238). Consistent with the TSS mapping data, probe 2 detected the RTC4 LLT mRNA in zinc-deficient wild-type cells but did not detect RTC4 SLT1 and SLT2 in mRNA from replete or deficient cells. An mRNA of 1.8 kb was detected with probe 2 in the zinc-deficient rtc4D mutant (Fig. 3B , DT) that was consistent in size with transcription beginning at the zinc-deficient TSS and ending at the terminator inserted with the antibiotic resistance gene cassette (kanMX4) used to make this mutant allele. Probe 4, located in the 3 0 flanking region, detected the low abundance RTC4 SLT2 in mRNA from zinc-replete wild-type cells and the more abundant RTC4 LLT in mRNA from zinc-deficient cells. Probe 4 failed to detect the truncated DT mRNA in the rtc4D mutant, which was also consistent with termination within the kanMX4 cassette. Probe 4 also did not detect the SLT1 transcript possibly due to the presence of a nonspecific co-migrating band.
The length of the transcripts identified in this analysis indicated that the RTC4 LLT mRNA contains the long TL, the RTC4 CDS, the entire downstream GIS2 gene and terminates within the divergently transcribed FOL1 gene (Fig. 3C ). RTC4 SLT2 is predicted to initiate just upstream of the RTC4 CDS and terminate in FOL1 as well while RTC4 SLT1 initiates just upstream of the RTC4 CDS and terminates approximately 300 bp downstream of the RTC4 CDS. The abundance of the RTC4 LLT and SLT2 mRNA indicates that the intragenic regions between RTC4 and GIS2, and between GIS2 and FOL1 contain weak transcription terminators. While found as a low fraction of total transcripts (1-2%), mRNA containing two or more genes have been detected for many chromosomal regions (Pelechano et al., 2013) .
To assess the role of Zap1 in regulating RTC4, we first examined the effects of constitutive Zap1 activity on RTC4 mRNA and Rtc4 protein abundance. For the experiments shown in Figs 4-6, we used a C-terminal epitope-tagged RTC4 allele fused to the hemagglutinin antigen (HA) for assessing mRNA using HA-specific probes/primer sets and protein abundance with an anti-HA antibody. This allele produced detectable RTC4 SLT2 in zinc-replete cells but SLT1 was not detectable (data not shown), suggesting that termination in the RTC4-GIS2 interval was affected by the tag or the plasmid context. To obtain constitutive Zap1 activity, we used a previously constructed allele of Zap1 in which its DNA binding domain was fused to the VP16 activation domain and expressed from the PGK1 promoter (Bird et al., 2006b) . Despite the residual zinc-responsive regulation of the DNA-binding domain, expression of this construct results in increased expression of Zap1 target genes in zinc-replete cells by replacing the zincregulated activation domains of Zap1 with the unregulated VP16 domain. In cells expressing VP16-Zap1, RTC4 LLT mRNA was produced in both zinc-replete and deficient cells (Fig. 4A) . The abundance of RTC4 LLT mRNA in VP16-Zap1-expressing cells increased in zincdeficient cells relative to replete cells (Fig. 4B) , likely reflecting increased DNA binding by the VP16-Zap1 fusion protein and increased activity of endogenous Zap1. Rtc4 protein was produced at a lower level in zinc-replete VP16-Zap1 expressing cells than was observed in replete wild-type cells (Fig. 4C) despite the similar levels of RTC4 mRNA detected. This effect was readily apparent when quantitated protein levels were normalized to their respective RTC4 SLT or LLT mRNA levels (Fig. 4D) . These results indicate that expression of RTC4 LLT mRNA and repression of Rtc4 protein accumulation is responsive to increased Zap1 activity in zinc-replete cells. The presence of some Rtc4 protein produced in zinc-replete VP16-Zap1-expressing cells suggests that RTC4 SLT mRNA was produced, although we did not detect it under the high LLT background in these Northern blots.
In our analysis of the RTC4 promoter, we identified a potential ZRE at a position 430 bp upstream of the RTC4 CDS (Lyons et al., 2000) (Fig. 2B ). This sequence (ACCTTGAAGGT) precisely matches the consensus sequence previously determined for these elements (ACCTTNAAGGT, where N can be any base). To assess the importance of this potential Zap1 binding site to RTC4 regulation, we generated a plasmid construct in which we precisely mutated the ZRE by sitedirected mutagenesis to the sequence CAAGGACCTTG (i.e., transversion mutations) without altering the flanking promoter region. ZRE transversion mutations completely eliminate Zap1 binding and transcriptional activation (Zhao et al., 1998) . Mutation of the RTC4 ZRE abolished expression of the RTC4 LLT mRNA in zincdeficient cells and RTC4 SLT mRNA was detected in both zinc-deficient and replete cells (Fig. 5A) . in kb) . B. Quantitation of RTC4 band intensities from three biological replicates of the Northern blot shown in (A). RTC4 mRNA was normalized to the TAF10 loading control signal for each replicate. C. Protein samples extracted from the cultures described in (A) were subjected to immunoblot analysis using an anti-HA antibody. Pgk1 was detected as a loading control. The location of size markers are shown (in kDa) and a nonspecific band on the immunoblot was marked with an asterisk. D. The ratio of Rtc4-HA protein to RTC4-HA mRNA was plotted to assess the relative translatability of the mRNA. Shown are the averages of three biological replicates and error bars denote 6 1 S.D.
Furthermore, the quantity of total RTC4 mRNA did not increase in zinc-deficiency indicating the importance of the ZRE to this induction (Fig. 5B) . When analyzed by immunoblotting, Rtc4 protein was still produced in zincdeficient cells bearing the mutant ZRE construct while it was undetectable in the cells with the wild-type construct (Fig. 5C) . From these data, we conclude that the ZRE sequence is necessary for induction of RTC4 LLT mRNA in zinc-deficient cells as well as repression of Rtc4 protein accumulation. When protein accumulation was normalized to mRNA, it was clear that mutation of the ZRE resulted in elevated expression of a productive mRNA species in zinc-deficient cells (Fig. 5D ). The observation that the level of Rtc4-HA produced from the ZRE mutant allele during zinc deficiency does not rise to the same level as observed in zinc-replete cells suggests that an additional level of zinc-responsive regulation may exist to reduce Rtc4 protein levels in zinc deficiency. This effect was not observed when RTC4 was expressed from the GAL1 promoter (see below) suggesting that it involves the RTC4 promoter and, perhaps, a second unidentified ZRE.
To determine if other components of the RTC4 promoter were required for regulation of Rtc4 protein levels, we expressed the RTC4 CDS with either the long or short TL (i.e., TL lengths of 261 and 37 nt, respectively) from the GAL1 promoter. Quantitative RT-PCR indicated that expression of mRNA from the GAL1 promoter was somewhat variable with generally lower expression observed in zinc-deficient cells (Fig. 6A) . When protein accumulation was examined, protein expression from the GAL1-driven RTC4 SLT construct was much higher than that expressed from the RTC4 LLT construct regardless of zinc status (Fig. 6B) . This difference was especially apparent after normalization of protein levels with mRNA abundance (Fig. 6C) . To determine the importance of the RTC4 uORFs in reducing the translation efficiency of the LLT RNA, we generated a GAL1-driven LLT plasmid in which all of the ATG codons in the 5 0 TL were converted to ACG. The level of Rtc4 protein production from this plasmid was indistinguishable from the RTC4 SLT construct. Therefore, we conclude that the uORFs in the long RTC4 transcripts inhibit their translation.
The results shown in Fig. 6 indicate that the RTC4 TLs have a major impact on Rtc4 protein expression. To determine if the TLs were sufficient for this effect when fused to a heterologous gene, we constructed alleles Fig. 5 . Mutation of the RTC4 ZRE decreases RTC4 mRNA levels and increases Rtc4 protein expression in zinc-deficient cells. Wild-type cells (DY1457) were transformed with an empty plasmid vector, pRTC4-HA, or pRTC4-HA mZRE in which the potential ZRE was disrupted by transversion mutations. A. Cells were grown in zinc-replete (R, LZM 1 1000 lM ZnCl 2 ) and zincdeficient (D, LZM 1 1 lM ZnCl 2 ) media prior to Northern blot analysis with an HA-specific probe. The positions of the RTC4 LLT, RTC4 SLT mRNA and size markers are indicated (sizes in kb). B. Quantitative RT-PCR with an HAspecific primer pair was used to measure RTC4-HA mRNA in triplicate biological replicates prepared as shown in (A). C. Protein samples extracted from the cultures described in (A) were subjected to immunoblot analysis using an anti-HA antibody. Pgk1 was detected as a loading control. The location of size markers are shown (in kDa) and a nonspecific band on the immunoblot was marked with an asterisk. D. The ratio of Rtc4-HA protein to RTC4-HA mRNA was plotted to assess the relative translatability of the mRNA. Shown are the averages of three biological replicates and error bars denote 6 1 S.D.
where the GAL1 promoter drove expression of GFP mRNA containing either the long or short TLs. Analysis of GFP mRNA indicated high expression from the GAL1 promoter regardless of zinc status (Fig. 7A) . Comparing protein production, it was evident that the SLT-containing mRNA produced much more protein than did the LLT form ( Fig. 7B and C ). These results demonstrate that the differential TL usage has a major impact on Rtc4 protein production.
Discussion
In this study, we showed that RTC4 is expressed in zinc-replete cells from mRNA containing short TLs that are translated into protein. In response to zinc deficiency, the Zap1 transcription factor likely binds to a ZRE site upstream of the proximal RTC4 promoter and induces transcription of the longer RTC4 LLT mRNA, which is not efficiently translated. Transcription of the protein-producing RTC4 SLT mRNA appears to be reduced in zinc-deficient cells. While abundance of the RTC4 LLT mRNA may obscure Northern blot detection of the SLT species in zinc-deficient cells (e.g., Fig. 3B ), few transcripts were found to initiate proximal to the RTC4 CDS ( Fig. 2A) (Wu et al., 2016) . Loss of RTC4 SLT mRNA expression is likely caused by physical occlusion of the proximal promoter by RNA polymerase II or by repressive chromatin structure generated by RNA polymerase II-mediated transcription of the more abundant RTC4 LLT transcript (Carrozza et al., 2005) . Thus, as a result of these studies, we have identified a new mechanism of gene regulation likely used by this versatile transcription factor, Zap1. The RAD27 gene appears to be regulated in a similar manner.
The importance of regulating Rtc4 levels in response to zinc status is not yet clear. The Rtc4 protein is 401 amino acids in length with no obvious transmembrane domains or motifs related to other proteins. It is of relatively low abundance, accumulating to 150 molecules per cell (Kulak et al., 2014) and is found in both the cytosol and the nucleus (Huh et al., 2003) . One clue to Rtc4's function is that it was identified in a screen for suppressors of a temperature-sensitive CDC13 allele, cdc13-1 (Addinall et al., 2008) . Cdc13 binds to telomeres to recruit the telomerase complex to cap Fig. 6 . The RTC4 uORFs block translation of the long transcript leader. Wild-type cells (DY1457) were transformed with a plasmid vector, pRTC4-HA, or the GAL1 promoterdriven SLT-RTC4-HA (pGAL-SLT), LLT-RTC4-HA (pGAL-LLT), or LLT-RTC4-HA uORF mutant (pGAL-LLTmutATG) alleles. Cells were grown in zinc-replete (R, LZM 1 1000 lM ZnCl 2 ) and zinc-deficient (D, LZM 1 1 lM ZnCl 2 ) media prior to A) quantitative RT-PCR analysis with an HA-specific primer pair and B) immunoblot analysis using an anti-HA antibody. Pgk1 were used as a loading control for the immunoblot. The locations of size markers (kDa) are shown to the right of the blots and a nonspecific band is marked with an asterisk. C) The ratio of Rtc4-HA protein to RTC4-HA mRNA is plotted to assess the relative translatability of the mRNA. Shown are the averages of three biological replicates and error bars denote 6 1 S.D. chromosome ends. When the cdc13-1 mutant is shifted to its restrictive temperature, telomeric DNA is degraded and cell cycle progression is inhibited. Deletion of the RTC4 gene suppressed this growth defect suggesting that Rtc4 plays some role in telomere capping. The presence of Rtc4 protein in the nucleus is consistent with this hypothesis. However, the importance of repressing Rtc4 function during zinc-deficient growth remains unclear. Using the GAL1-driven RTC4-SLT-HA allele that constitutively produces a high level of Rtc4 protein (Fig. 6) , we tested whether unsuppressed expression of Rtc4 protein in zinc-deficient cells resulted in a growth defect and found no obvious impairment (data not shown). It is worth noting that RTC4 LLT transcription passing through the adjacent GIS2 gene may also affect transcription of this downstream gene and we are investigating this hypothesis of dual gene regulation in ongoing experiments. RAD27 encodes a 5 0 -to-3 0 DNA exonuclease that is important for Okazaki fragment removal during DNA replication and also acts in the repair of long heteroduplex DNA loops (Ayyagari et al., 2003; Sommer et al., 2008) . Why Rad27 is repressed by Zap1 is also unclear. The Zap1-mediated mechanism that we propose to regulate RTC4 is distinct from that controlling the ADH1 and ADH3 genes. For ADH1 and ADH3, transcription of intergenic noncoding RNA from a distal Zap1/ZREdependent alternative promoter inhibits transcription of CDS-containing mRNA (Bird et al., 2006a) . In contrast, we showed for RTC4 that translationally inactive mRNA that contain the full protein-coding region are even more abundant during zinc deficiency. In terms of physiological efficiency, it is counterintuitive that a cell would expend additional energy increasing the abundance of mRNA like RTC4 and RAD27 when they are not translated. A repression mechanism that acts to decrease mRNA transcription would more efficiently conserve resources. However, there may be advantages to the observed mechanism of regulation. For example, maintaining the chromosomal region in an actively transcribed state may facilitate restored expression of the gene when the stimulus for repression is removed (Law et al., 2005; Sehgal et al., 2008) .
By fusing the long and short RTC4 TLs to GFP, we showed that the long RTC4 TL is poorly translated while the short RTC4 TL is translated much more efficiently. Moreover, we show that the long TL is not translated due to the presence of multiple uORFs and when those uORFs were mutated, translation of the long TL transcripts occurred. uORFs in many TLs have been found to inhibit translation of downstream ORFs (Zhang and Dietrich, 2005; Hood et al., 2009; Waern and Snyder, 2013) . Ribosome stalling at uORFs can trigger nonsense mediated decay and thereby reduce transcript levels (Gaba et al., 2005) . Given the large increase in RTC4 LLT mRNA observed in zinc-deficient cells, this mechanism is likely not playing a role in its regulation. uORFs can also inhibit translation of downstream coding regions by competing for scanning ribosomes and preventing their efficient initiation at those coding regions Fig. 7 . The short transcript leader of RTC4 mRNA is translated more efficiently than the long transcript leader when fused to a heterologous reporter gene. Wild-type cells (DY1457) were transformed with an empty plasmid vector or plasmids expressing either the RTC4 long transcript leader (pGAL-LLT-GFP) or RTC4 short transcript leader (pGAL-SLT-GFP) fused to GFP and expressed from the GAL1 promoter. Cells were grown in zinc-replete (R, LZM 1 1000 lM ZnCl 2 ) and zinc-deficient (D, LZM 1 1 lM ZnCl 2 ) media prior to (A) quantitative RT-PCR analysis with an HA-specific primer pair and (B) immunoblot analysis using an anti-HA antibody. Pgk1 were used as a loading control for the immunoblot. The location of size markers (kDa) are shown to the right of the blots. (C) The ratio of GFP protein to mRNA was plotted to assess the relative translatability of the mRNA. Shown are the averages of three biological replicates and error bars denote 6 1 S.D. (Kozak, 1991; Dever et al., 2016) . Alternatively, as is the case for the yeast CPA1 gene, uORFs may produce functionally active peptides that inhibit the translating ribosome (Dever et al., 2016) . Based on sequence comparisons with RTC4 genes from other Saccharomyces species, we propose that inhibition of scanning ribosomes is the more likely mechanism. Several Saccharomyces species, such as S. mikatae and S. kudriavzevii, have conserved ZREs in their promoters and have several potential uORFs in their 5 0 flanking regions. However, while the presence of these uORFs is conserved, the sequences of their protein products are not. This lack of conservation suggests that the peptides they encode do not play a functional role in influencing translation.
The importance of uORFs in eukaryotic gene regulation has not been widely appreciated. However, several recent studies have shown that uORFs in transcript leaders are extremely common. Nagalakshmi et al. found that 6% of yeast genes produced transcripts containing TL uORFs and Lawless et al. found that 13% of yeast genes did so (Nagalakshmi et al., 2008; Lawless et al., 2009 ). In the mammalian transcriptome, the frequency is even higher; Calvo et al. found that 44% of mouse mRNA and 49% of human mRNA contain one or more uORF in their TLs (Calvo et al., 2009) . When tested directly, the great majority of these uORFs were found to inhibit translation of the downstream ORF (Zhang and Dietrich, 2005; Calvo et al., 2009 ). Therefore, uORFs are likely to have a great impact on overall protein production. It has become increasingly clear that mRNA levels are often a poor predictor of protein levels (Ingolia et al., 2009; Lee et al., 2011) and that translatability of mRNA can vary considerably (Law et al., 2005; Rojas-Duran and Gilbert, 2012) . TL uORFs are likely to be a major contributor to this disparity between mRNA and protein levels.
Given the impact of uORFs on translation, the regulation of transcription start site selection and therefore the controlled presence or absence of uORFs in mRNA, could have a significant impact on the regulation of gene expression. Several recent studies support this hypothesis. Treatment of yeast with mating pheromone changed the translation efficiency of almost 200 mRNA species and many of these effects were shown to be associated with changes in TSS and the concomitant presence or absence of TL uORFs (Law et al., 2005) . Similarly, treating yeast with 18 different environmental stress conditions identified over 800 genes with altered TLs (Waern and Snyder, 2013) . Of these, 446 genes (7% of the genome) had TSS changes that affected the presence of uORFs in their mRNA. Some conditions, e.g., stationary phase and salt stress, caused numerous such changes while other conditions such as phosphate limitation and high osmolarity caused relatively few. Thus, the response to various stresses relies to different degrees on this mechanism of translational control.
While regulatory mechanisms like RTC4's are being discovered, only in very few examples are the molecular players known. One exception to this is the tco1 1 gene of Schizosaccharomyces pombe. In S. pombe, low oxygen triggers increased activity of the sterol regulatory element binding protein (SREBP) which then induces transcription of a longer tco1 1 mRNA with multiple inhibitory uORFs in its TL (Sehgal et al., 2008) . Similarly, Zap1 regulation of TSS has a negative impact on protein production from RTC4 and probably RAD27. Zap1 may also negatively regulate another gene, MNT2 by a related mechanism. MNT2 was previously identified as a Zap1 target gene whose mRNA is increased in zincdeficient cells (Lyons et al., 2000; Wu et al., 2008) . Growth in zinc-deficient conditions results in a shift in TSS from a short TL to a longer TL containing one uORF (Wu et al., 2016) . Thus, our results suggest that altered transcription start sites and their effects on translation are likely to be an important facet of gene regulation by Zap1 and other transcription factors.
Experimental procedures

Strains and growth conditions
Yeast strains were grown in rich, synthetic defined, or low zinc medium (LZM), as previously described (Zhao and Eide, 1996) . LZM contains 20 mM citrate and 1 mM EDTA to buffer pH and zinc availability. Glucose (2%) was the carbon source for all experiments. LZM 1 1 mM ZnCl 2 was routinely used as the zinc-deficient condition, and LZM 1 1000 lM ZnCl 2 as the zinc-replete condition. The yeast strains used in this work were BY4743 (MATa/MATa his3/his3 leu2/ leu2 met15/MET15 lys2/LYS2 ura3/ura3), DY1457 (MATa ade6 can1 his3 leu2 trp1 ura3), BY4741 (MATa his3 leu2 met15 ura3) and BY4743 rtc4D:KanMX. BY4741 strains bearing the RTC4-GFP and RAD27-GFP alleles were obtained from Thermo Fisher Scientific.
Plasmid constructions
Plasmids pPGK1-ZRT1 and pVP16-ZAP1 were previously described (Bird et al., 2006b; Frey et al., 2011) . To generate pRTC4-HA, the RTC4 gene was amplified from the chromosome with 1000 bp upstream and 1000 bp downstream of DNA flanking the RTC4 CDS. Two C-terminal HA tags were inserted into this fragment by overlap PCR and the modified gene was inserted into pRS315 (Sikorski and Hieter, 1989) by homologous recombination (Ma et al., 1987) . pRTC4-HA mZRE was constructed similarly with transversion mutations introduced into the RTC4 ZRE by overlap PCR. pGAL-SLT and pGAL-LLT were constructed by amplifying fragments from pRTC4-HA with either 261 (LLT) or 37 (SLT) bp of upstream flanking sequence, the RTC4 CDS and 500 bp of downstream flanking sequence and inserting those fragments into pRS316-GAL1 (Liu et al., 1992) by homologous recombination. The pGAL-LLTmutATG plasmid was similarly generated by inserting a fragment in which all of the ATGs in the LLT 5 0 UTR were mutated to ACG (Genewiz) into the plasmid backbone.
Plasmids pGAL-SLT-GFP and pGAL-LLT-GFP were constructed by amplifying the GFP gene and terminator from pFA6a-TEF2pr-eGFP-ADH1-NatMX4 (Breslow et al., 2008) , and inserting it into pGAL-SLT and pGAL-LLT such that the first three codons of RTC4 are fused to GFP. Expression from the GAL1 promoter was achieved using the pGEV hybrid activator protein (Gao and Pinkham, 2000) and bestradiol (0.1-1 lM) as inducer.
Quantitative RT-PCR analysis
Quantitative analysis of gene expression by RT-PCR was performed as previously described . The sequences of the primer pairs used were (5 0 -3 0 ): RTC4: GCACTCACGCACAATCAGC and AAGACG TAAGGGTTTCTGGAGC, RAD27: TCAGAGGCCAAGAA GGAACC and ACTGGACCAACACCTCTGATG, ZRT1: CCACTTAATGGACCCTGCTT and ATGGCAGGACACCA TGAATA, CMD1: TTGGCTCTGATGTCTCGTCAA and GGCGGAGATTAAACCATCACC, TAF10: GGCGTGCAGCA GATTTCACAA and ACCGTCAGAACAACTTTGCTT, ACT1: CCAGAAGCTTTGTTCCATCC and ACGGACATCGACA TCACACT, GFP: TGCCATGTGTAATCCCAGC and TGTCC ACACAATCTGCCCT and HA: ATGGCGACTGGATACGCAC and GTCATAGAGATAGCCCGCATAGTCA. Target gene expression was calculated relative to the average C t values for three control genes (TAF10, ACT1 and CMD1) selected from multiple candidate genes tested for their highly stable expression under the conditions used in our experiments (data not shown).
Northern blot analysis
Northern blotting was performed as previously described . To make strand-specific antisense probes, PCR fragments of the RTC4 and TAF10 genes were amplified from genomic DNA, introducing the T7 RNA polymerase promoter into the products in antisense orientation by inclusion in the downstream primer. Full probe primer sequences (5 0 -3 0 ) were RTC4 probe 1: GTACGTAACCTGTGGTGC and agttaatacgactcactataggga CTTGAAGGTATATTAACAGTGCCCA, RTC4 probe 2: CA TTTTCGGTTTGTATTACTTCTTATTCCTCTACCGGATCCAA GACAACTCCAGTAATTGAATAG and agttaatacgactcactata gggaCGAGAGCACATACAGTACCCTTTTAATG, RTC4 probe 3: TGACGACTTATCAGGCCATG and agttaatacgactca ctatagggaATCGTGCGTATCCAGTCGCCAT, RTC4 probe 4: CAGGTAGTATATTGCCGTTTGTTG and agttaatacgactcacta tagggaATAATACAATCCTCAAGTGCCC, HA: GGATCCGCT GGCTCCGCT and agttaatacgactcactatagggaTTAAGCGTAAT CTGGAACGTCATATGGA and TAF10: ATGGATTTTGAGG AAGATTAC and agttaatacgactcactatagggaCTAACGATAAAA GTCTGGGCG. The common T7 promoter portion of each primer pair is indicated by lower case letters.
Protein extraction and immunoblotting
Yeast protein extracts were prepared for Fig. 7 using TRIzol (Ambion) following the manufacturer's instructions or with a TCA extraction protocol as previously described (MacDiarmid et al., 2013) . SDS-PAGE and immunoblotting was conducted using the Li-Cor Odyssey infrared dye detection system as previously described (MacDiarmid et al., 2013) . Antibodies used were anti-HA (12CA5, Roche product 11583816001), anti-GFP (Roche product 11814460001) and anti-Pgk1 (Abcam product 22C5D8, lot # GR166098). IR 680 dye-labeled secondary anti-mouse antibody (product 680LT, lot # C30605-02) was obtained from Li-Cor.
Data processing and figure preparation
Northern blots and immunoblots were scanned and band intensities quantified using Image Studio software (Li-Cor).
Figures were edited and assembled in Canvas Draw 2 (ACD Systems). Contrast of faint bands in Northern blots was enhanced (i.e. contrast stretching) by adjusting white, black and midpoint pixel intensity values using the 'Levels' command in CanvasDraw 2. For experiments in which protein accumulation was normalized to mRNA levels, values of standard deviation were propagated using a standard method (Ku, 1966) .
